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ABSTRACT
The objective of this study was to improve the accuracy of drilling during the repair of
sacroiliac luxation with a 3D-printed patient-specific drill guide (3D-GDT) compared to freehand drilling technique (FHDT). A blinded, randomized, prospective study was performed
including sixteen canine cadavers (20-25 kg) euthanized for reasons not related to the study.
Dorsal, bilateral, sacroiliac luxations (SILs) were created experimentally. A pelvic CT was
performed pre- and post-drilling. The FHDT was drilled followed by 3D-GDT for each sacrum.
CT and 3D measurements of craniocaudal and dorsoventral angles were compared between
FHDT and 3D-GDT, as well as deviations of entry and exit points relative to optimal trajectory.
Mean craniocaudal and dorsoventral angles for both CT and 3D measured 3D-GDT (CT
4.2o±3.9 and 3.9o±3.2, respectively; 3D 5.1o±5.1 and 2.8o±2.3 respectively p=0.0006) were lower
compared to FHDT (CT 11.8o±4.0, p<0.0001 and 8.9 o ±6.1, p=0.01; 3D 12.4o±5.9, p=0.0006
and 5.3o±5.24, p=0.05) respectively. Entry dorsoventral and end craniocaudal, dorsoventral and
3D linear deviations were reduced with the 3D-GDT. Sacral corridor disruption was present
more in FHDT (20%, 3/15) than 3D-GDT (0%). CT and 3D analyses were in strong agreement
(r=0.77).
Deviations of drill trajectories were minimized relative to optimal trajectories with the
3D-GDT compared to the FHDT in the dorsoventral and craniocaudal planes. The 3D-GDT
improves accuracy of sacral drilling compared to FHDT in canine cadavers.

x

CHAPTER 1. INTRODUCITON
Sacroiliac luxation (SIL) occurs commonly secondary to vehicular motor trauma in small
animals [1]. The sacroiliac joint is a synchondrosis comprised of both synovial and fibrous
structures, capable of motion, located between the sacrum and the ilial wings of the pelvis [2].
Surgery is often recommended to reduce pain, lameness, and promote early return to function
[3]. Surgical fixation involves reduction of the SIL, drilling the sacroiliac joint, and placing a
screw or rod across the sacroiliac joint to maintain reduction [3, 4]. Accurate and precise
placement of the chosen implant through the body of the sacrum, ensuring engagement of at least
60% of the sacrum, minimizes complications [5]. Visibility of sacral landmarks can be poor
potentially resulting in misplacement and malalignment of implants. Improperly placed screws
and rods occupying the vertebral canal, lumbosacral intervertebral disc space and pelvic canal
have been reported to have incidences ranging from 20-30%, causing secondary pain and
lameness [3, 6, 7]. A critical step of SIL stabilization with internal fixation is optimizing the
sacral drill path following open reduction. A minimal margin of error exists for implant
placement and a multiplane, single angle for accurate screw placement has not been reliable for
safe screw placement [5, 8]. Described optimal drilling paths below 12 degrees from the optimal
trajectory in the craniocaudal plane and 10 degrees in the dorsoventral plane should avoid the
spinal canal dorsally, pelvic canal ventrally, and lumbosacral disc space cranially [5, 8]. Freehand drilling >12 o relative to the optimal sacral drilling path positively correlated with screw
exit [8]. An area less than 1 cm2 on the sacral wing has been described as the visible sacral
landmark in large dogs [9] being much smaller in small dogs and cats [10] further complicating
implant placement. The dorsal or ventral approach to the sacroiliac joint can be hindered by soft
tissue trauma, concurrent pelvic fractures and sacral fractures as coinciding trauma may disrupt
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anatomic landmarks [3, 9]. Aside from patient comorbidities, improperly placed screws may
result in suboptimal fixation resulting in implant failure [9, 11].
In addition to the obstacles of trauma, the safe bone corridor for screw placement for SIL
fixation varies among sacra. Bowlt et al. reported that an ideal corridor is angled approximately
100 degrees to the sacral wing in the dorsal plane, however, 5.4% (cranially) and 6.5%
(caudally) of the screws placed at that trajectory exited into the vertebral canal [5, 8].
Concurrent, intraoperative evaluation may be difficult as the relative anatomy of the sacroiliac
region is highly dependent on patient positioning in relation to the operating table, especially
when unstable, which has led to the use of intraoperative fluoroscopy. The need for patientspecific angled drill guides has been suggested to afford increased safety, where the corridor is
extremely narrow [5]. Veterinary studies are lacking with using custom 3D guides and SIL.
Three-dimensional printed guides offer patient-specific conformation to patient bone anatomy
and can be created with open-sourced software universally available that may result in optimal
drilling and implant placement with SIL. Benefits of using custom 3-D drilling guides (3DDG)
may include reduced anesthesia time, higher confidence in surgical fixation application, and
optimal fixation angles.
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CHAPTER 2. LITERATURE REVIEW
2.1. Canine Sacral Anatomy and Physiology
Embryologically, the sacrum is derived from sacral centra that are present at day 40 of
gestation and are 59 mm in size [2]. The prominent, unique, “sacral ribs” at the ventral aspect of
S1 and S2 represent other centers of ossification. The adult canine sacrum is generally
dominated by S1 [2]. All sacra centra should be ossified by day 43 [2].
2.1.1. Sacral Anatomy
The adult sacrum is comprised of three fused sacral vertebrae and is the primary bone
that transmits ground reaction forces from the pelvic limbs to the spine. The sacrum is both an
anatomically and functionally unique bone that is bordered laterally by the sacroiliac joints at
each wing, cranially by the seventh lumbar vertebrae, and caudally, by the first caudal vertebrae.
The wing of the sacrum articulates with the ilium and contains the auricular surface (Figure 1).
The auricular surface traverses down the wing from the caudal aspect coursing ventrally and
directing cranially in a reverse “L” shape (Figure 1).
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Figure 1. Sacral Anatomy. The sacrum is comprised of three fused vertebrae in the adult canine.
The sacrum is viewed in multiple planes including the lateral view, ventral, dorsal, and oblique
views. The sacrum is bordered laterally by the sacroiliac joints at each wing, cranially by the
seventh lumbar vertebrae, and caudally, by the first caudal vertebrae. The lateral auricular
surface can be viewed on the lateral wing [2].
The sacral wing is oriented approximately 10 degrees axially in the sagittal plane. The
median sacral crest traverses along the dorsal border which are analogous to the fusion of three
separate dorsal spinous processes (Figure 1). Foramina fill the sacrum which dictate where
nerves exit throughout. The two pairs of dorsal sacral foramina transmit the dorsal divisions of
the sacral spinal nerves and vessels (Figure 1) [2]. Two pairs of pelvic sacral foramina lie within
the ventral aspect of the sacral floor and contain the ventral branches of the first two sacral
nerves [2]. The cranial aspect of the sacrum is called the base which articulates with the
lumbosacral intervertebral disc (Figure 1). Dorsal to the base, is the sacral vertebral canal
comprised of 3 fused sacral foramina. The caudal aspect of the sacrum is the apex, which
articulates with the first caudal vertebrae (Figure1) [2].
The ilium and associated sacroiliac joint form the lateral boundary of the sacral wing.
The ilium is the most cranial portion of the os coxae and is flat and narrow. The lateral, cranial
aspect of the ilium is known as the ilial wing. The ilial wing is concave on its lateral aspect [2].
The caudal portion, the ilial body, forms the cranial portion of the acetabulum and attaches to the
pubis medially, and acetabulum and ischium caudally. The medial aspect of the ilial wing
articulates with the sacral wing via synchondrosis which contributes to the auricular surface of
the sacrum [2]. The iliac tuberosity is the rough protruding eminence of the sacropelvic surface
that is located dorsal to the auricular surface [2]. Just cranial to the auricular surface, the ilium
remains square, smooth, and flat before fanning out into the ilial wing.
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2.1.2. Sacroiliac Arthrology
The lateral border of the sacroiliac joint is occupied by the ilial wing which is also
covered in articular cartilage. The sacroiliac articulation is capable of mild motion and is
considered a synchondrosis that contains both fibrous and synovial joint components [12]. One
study found a median range of motion of 7 degrees with 3 degrees in flexion and extension of 4
degrees [12]. The auricular surface of the sacral wings and ilial wing surfaces are covered in
articular cartilage [2]. A plate of fibrocartilage is present within the synchondrosis located
craniodorsal to the synovial portion of the joint [2]. A fibrous joint capsule surrounds the joint
with the thinnest capsule located caudoventrally (Figure 1). The dorsal and ventral sacroiliac
ligaments surround the sacroiliac joint and are comprised of fibrous collagen.
The sacrotuberous ligament is a fibrous cord that extends from the caudolateral apex of
the sacrum and the transverse process of the first caudal vertebra to the ischiatic tuberosity
(Figure 1). The ligament is hidden by the superficial gluteal muscle and important muscles
including the biceps femoris, superficial gluteal, and piriformis [2].
2.1.3. Soft Tissues Surrounding the Sacrum
A large portion of the sacrum is covered by skeletal muscle. Bordering the dorsal aspect
includes the sacrocaudalis dorsalis lateralis and medialis [2]. These muscles are described as
levators, or extensors, of the tail [2]. The sacrocaudalis dorsalis lateralis, or continuation of the
longissmus, originates from the aponeurosis of the longissmus, the mamillary processes of the
first-sixth lumbar vertebrae, the articular processes of the sacrum, and the mamillary processes of
the first eight caudal vertebrae [2]. There are divided longer parts of the muscle that continually
overlap, containing approximately 16-20 tendons [2]. The sacrocaudalis dorsalis medialis
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muscles are shorter compared to the sacrocaudalis dorsalis lateralis muscles [2]. These muscles
are the direct continuation of the multifidus lumborum muscles and are comprised of generally
short segments of individual muscles. Individual muscle bellies may be short, however, their
tendons can span four-five vertebrae [2]. They traverse caudally throughout the tail and
eventually attach to dorsolateral humps that are analogous to mammillary processes of the
lumbar vertebra [2].
Along the ventral aspect involve the sacrocaudalis ventralis lateralis and medialis
muscles. These muscles are considered depressors, or flexors of the tail [2]. Similar to the long
levators, the sacrocaudalis ventralis lateralis is the long depressor and consists of long individual
parts that end by long tendons from the sixth to the last vertebra [2]. Originating from the
ventral surface of the seventh, or last, lumbar vertebrae and the sacrum, the muscles insert onto
the proximal end of the ventrolateral tubercle of the sixth caudal vertebra [2]. Subsequent
tendons attach to respective caudal vertebrae [2]. The sacrocaudalis ventralis medialis is a short
depressor of the tail that also consists of short individual parts that extend from the last sacral
vertebra and connect throughout the tail [2]. Deep furrows exist to harbor the muscle moving
caudally [2]. Bundles transition from very large and indistinct to small and distinct caudally [2].
The intertransversarius dorsales caudae and ventrales caudae line the dorsal and ventral
aspects of the sacrum respectively [2]. These muscles provide lateral flexion of the tail[2]. The
intertransversarius dorsales caudae are consisted of short individual portions that arise from the
dorsal sacroiliac ligament from the lateral portion of the third sacral vertebrae [2]. This
transitions to larger muscle belly that attaches to the fifth and sixth caudal vertebra [2].
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Eventually, these muscles follow from one transverse process to another [2]. A portion of the
tendons are covered by the levator components previously mentioned [2].
2.1.4. Sacroiliac Neurovascular and Lymphatic Structures
The lumbosacral plexus arises from anastomosis of the last five vertebral nerves and the
three sacral nerves. Although always communicating, the lumbosacral plexus can be divided
into lumbar and sacral segments depending on which portion of the body is being innervated [2].
The lumbosacral plexus gives rise to nerves supplying or comprising the ilioinguinal,
genitofemoral, lateral cutaneous femoral, iliopsoas, femoral, obturator, cranial gluteal, caudal
gluteal, ischiatic (largest nerve in the body), gemelli, internal obturator, caudal cutaneous
femoral, superficial perineal, pelvic, pudendal, and branches to the levator ani and coccygeus
muscles [2].
The lumbar plexus provides nerves that innervate the cranial thigh muscles, medial thigh
muscles, and the medial skin of the pelvic limb [2]. The nerves leaving the lumbar plexus
include and supply the ilioinguinal, genitofemoral, lateral cutaneous femoral, iliopsoas, femoral,
obturator, cranial gluteal, caudal gluteal, ischiatic, gemelli, internal obturator, caudal cutaneous
femoral, and superficial perineal nerves [2]. The sacral plexus innervates the caudal thigh
muscles, crus, pes, and surrounding skin. In some specimens, the third lumbar nerve is
connected to the third by a fine branch [13]. The nerves leaving the sacrum supply and include
the caudal cutaneous femoral, superficial perineal, pelvic, pudendal, and branches to the levator
ani and coccygeus muscles [14]. Fletcher found variability in the origins from lumbosacral
plexus nerves [14]. Median fixed plexuses are most common and represent the following
configuration: the third, fourth, fifth nerves arise to form the femoral nerve and the third and
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fourth contribute to make the genitofemoral nerve [14]. More caudal, the fourth, fifth, and sixth
create the obturator nerve and the sixth, seventh and first sacral nerve form the cranial gluteal
nerve. The sciatic nerve and its branches, are formed by sixth, seventh lumbar vertebra and the
first and second sacral vertebra [15]. Lumbosacral dermatomes consistently overlap.
Specifically exiting the sacrum include the nerves of the sacral plexus. There are three
sacral segments from the spinal cord by long dorsal and ventral roots from the conus medullaris
that arise from vertebral foramen of the fifth lumbar vertebrae [2]. Three sets of roots form the
sacral nerves in the sacral canal before they exit out of the intervertebral foramina [2]. The
spinal ganglia of the first two sacral nerves lie within the vertebral canal cranial to the foramina
prior to exit. Main trunks of the first two sacral nerves give off the dorsal branches exiting the
dorsal sacral foramina and the main trunks leave the sacral canal through the ventral sacral pelvic
foramina [2]. The third pair of sacral nerves leaves the vertebral canal between the intervertebral
foramina between the sacrum and first caudal vertebra [2]. The dorsal branching nerves leave
the two dorsal sacral foramina and intervertebral foramen between the sacrum and the first
caudal vertebra [2]. These nerves are all connected by small nerve branches. The dorsal
branches are usually connected cranially to the last lumbar vertebral nerves and caudally to the
first caudal nerves [2]. The nerves decrease in size moving from cranial to caudal and medial
branches are responsible for innervating muscular branches [2]. The lateral branches are
responsible for cutaneous innervation. A single lateral branch from the first sacral nerve
traverses through the gluteal fascia after it bifurcates and runs caudoventral to the superficial
gluteal [2]. The second and third sacral nerves supply bands of skin caudal to the first. The first
three sacral nerves innervate the piriformis muscle and supply the cutaneous area extending to
the dorsal midline and caudoventrally to the wings of the sacrum covering the biceps femoris and
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superficial gluteal muscle [2]. The sympathetic trunk connects to the nerves after leaving the
sacral canal via a single rami communicantes [2].
Ventral branches traverse through the pelvic canal medial to the pelvis dividing and
interconnecting to form the sacral plexus [2]. The lumbosacral trunk, the largest portion of the
lumbosacral plexus, exits the pelvis as the sciatic nerve. A root of origin from the fifth lumbar
has been identified by Ellenberger and Baum [16]. The trunk continues to cross the ilium
dorsally between the ventral sacrocaudal muscle medially and the levator ani muscle laterally
[2]. The lumbosacral trunk transitions into the sciatic nerve after the last sacral branch enters at
the greater ischiatic foramen.
The median sacral artery originates from the aorta after the internal iliac arteries [2]. It
arises opposite the ventral aspect of the seventh lumbar vertebra. The vessel is an unpaired,
median vessel, that is usually less than 2 mm in diameter crossing ventral to the promontory of
the sacrum [2]. Two pairs of ventral sacral branches exit through the sacral foramina and further
subdivide into dorsal and ventral branches. The dorsal branches supply the epaxial muscles
while the ventral branches supply the ventral spinal artery.
The median sacral vein runs originates from the right and left sacrocaudal muscles
connecting at the level of the common iliac vein. Being a small vein of approximately 1 mm in
diameter, there generally aren’t significant tributaries [2].
The iliosacral lymph center is comprised of the medial iliac, internal iliac, and sacral
lymph nodes [2]. The medial iliac lymph nodes are quite large that lies between the deep
circumflex and internal iliac arteries [2]. One or two may be situated on either sides. The medial
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iliac lymph node is 40 mm long and 20 mm wide and 5 mm thick [2]. The lymph node is bound
on the right side by the caudal vena cava that is dorsal and right of the aorta [2]. Caudally it runs
along the cranial border of the external iliac artery [2].
The internal iliac lymph nodes are usually small and paired that are situated between the
internal iliac and median sacral artery [2]. The internal iliac lymph node is situated ventral to the
sixth or seventh lumbar vertebra [2]. There may be three in a row, or one with one on each side.
The sacral lymph nodes are not present half of the time [2]. They have been divided into a
medial and lateral group. The sacral lymph nodes lie ventral to the sacrum and sacrocaudal
muscle [2]. Small nodes may lie on each side of the medial sacral artery [2]. These lymph nodes
drain the gemelli, tail muscles, pelvic bones, caudal vertebrae, femur, sacrum, uterus, vagina,
vestibule, vulva, clitoris, prostate, penis and urethra. The efferent vessels go to the internal and
medial iliac lymph nodes [2].
2.1.5. Sacroiliac Physiology
The canine specimen is a quadruped capable of many unique motions that place the
sacroiliac joints through various degrees of strain, stress, and forces during normal physiology.
Human sacroiliac joint biomechanics have been thoroughly studied [17]. Compared to bipedal
human counterparts, direct canine species comparison may be inaccurate. Before identifying
characteristics of canine sacroiliac joints, it is important to know the patient age, although one
study found no differences in motion between dogs that were less than 4 and greater than 4 [12].
The focus of the forces that are applied normally through the sacroiliac joint must be reviewed
prior to the forces the joint encompasses with excessive force such as after trauma.
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Studies have evaluated the biomechanics of the canine sacroiliac joint [12, 18]. Gregory
et al. studied the flexion and extension of the sacroiliac joint in canine cadavers after transecting
the sacrotuberous ligaments, periarticular ligaments, and craniodorsal portion of the joint capsule
[12]. The median range of motion was noted to be 7 degrees (4 to 13 degrees) [12]. The median
flexion was 3 degrees with 1-6 degrees range and extension was greater at 4 degrees between 2
and 7 degrees range [12]. By severing the sacrotuberous ligaments and subsequent periarticular
ligaments, there was noted increased range of motion of 0.5-1.5 degrees which plays an
unknown role in stability [12]. The authors concluded that the canine sacroiliac joint was
confined to a limited amount of motion comparing to similar findings between humans.
Interestingly, in humans, males have reduced motion earlier than females, and motion decreases
with age, but Gregory et al. failed to demonstrate this finding in dogs. One study evaluated finite
analysis of the soft tissues surrounding the sacroiliac joints in working Labrador Retrievers [18].
Finite analysis was utilized to model the dorsal and ventral sacroiliac ligaments as well as the
sacrotuberous ligaments from a single dog [18]. The results found that in this model, the strain
values were repeatable which can be used for future research, although the data set was not
publicly available due to the patient confidentiality [18].
It is important to note that the sacroiliac joints have been found to contain many nerve
endings in humans which may contribute to more pain during sacroiliac luxation, although this is
unknown in dogs [19, 20]. These nerves are derived from the dorsal rami of the spinal nerves
from sacral vertebrae one to four [19]. These nerves traversed to the superficial and deep dorsal
sacroiliac ligaments as well as supplying the sacrotuberous and sacrospinous ligaments
terminating at the gluteus maximus muscle [19].
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2.2. Sacroiliac Luxation
2.2.1. Definition/Incidence/Etiology
Sacroiliac luxation occurs after supraphysiologic forces disrupt the normal soft tissue
joint anatomy that connects the sacrum to the ilium. During sacroiliac luxation in dogs, the ilium
usually displaces craniodorsal, which can be mild to severe.
The cause of a majority of sacroiliac luxation in veterinary patients, specifically dogs,
remains vehicular trauma. Other history may include unknown trauma, or an identified pelvic
limb lameness by the owners after vehicular trauma. Due to the severe nature of polytrauma,
patients may be non-ambulatory when owners arrive at the hospital making clinical evaluation
difficult.
Concurrent pelvic fractures involving the pubis and ischium accompanied the sacroiliac
luxation in 93% of cases contributing to the degree of ilial displacement [3]. Sacroiliac luxation
occurred unilaterally at 77% versus 23% in one study [3]. In the same study, 85% of canines
with sacroiliac luxation, had severe injuries to both pelvic limbs prohibiting ambulation [3].

2.2.1. Physical Exam Findings
Prioritization should be made on patient stability, including a thorough evaluation of
cardiovascular parameters. Concurrent treatment of shock should be initiated if indicated. The
most pertinent physical exam findings may include cardiovascular abnormalities related to
hypovolemic shock and pain; these should not be ignored, and the patient triaged appropriately.
Physical examination findings of patients with sacroiliac luxation include pelvic limb lameness
ranging from mild to severe, especially with accompanying pelvic limb fractures. In a study by
Rollins, 88% of patients had concurrent orthopedic injuries ranging from femoral, tibial, and
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pelvic fractures to coxofemoral luxation [21]. Since the lumbosacral nerve roots are near the
sacroiliac joints, neurologic function must be accurately assessed prior to moving forward with
surgery. These nerves are responsible for sciatic nerve, urinary bladder and anal sphincter
function as previously mentioned. In one study of pelvic limb peripheral nerve injuries, 41%
were associated with sacroiliac luxation [22]. Other wounds or injuries associated with vehicular
trauma must not be discounted as multiple body systems should be simultaneously evaluated
when diagnostic and therapeutic work up is performed.
2.2.3. Diagnosis
Once the patient is stable, pelvic radiographs may be performed to evaluate for
polytrauma and to evaluate the sacroiliac joints. The thorax and abdomen should have the
appropriate imaging modalities performed in any event of trauma. Superimposition obscures
normal sacral anatomy.
Radiographically, the sacrum is a block vertebra with three fused vertebral segments
lacking bordering disc spaces [23]. The sacrum is located between the last lumber vertebra
(generally L7) and the first caudal vertebra with corresponding disc spaces cranially and
caudally. On a lateral radiograph, care should be taken not to diagnose a sacral fracture at the
level of the caudal aspect of the sacrum since there is a nonlinear relationship between this
surface and the pelvic surface [23]. The sacral corridor can be viewed on a lateral radiographic
view as a trapezoidal radiolucency surrounded by trapezoidal radiopacity within the cranial body
of the sacrum caudal to L7 (Figure 2).
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Figure 2. Normal Canine Sacrum Radiograph Identifying the Sacral Corridor. The yellow
asterisks indicate the sacral corridor and safe drilling (A). The radiopaque regions of the corridor
are observed to be trapezoidal with rounded edges (A). The sacral corridor (asterisks) is more
challenging to view on a ventrodorsal radiograph (B) as the trapezoidal view is not present[23].
Occasionally lumbar vertebra 7 or the sacrum can have a congenital transitional vertebra,
such as lumbar sacralization. With malformations, there can be asymmetry in the pelvic bones.
This can create difficulties in positioning the pelvis during a ventrodorsal view. The most
common lumbar sacralization malformation is for one side of L7 to be fused with the ilium in the
region of the sacroiliac joint and the other side to have a transverse process (Figure 3). There are
some clinical manifestations of sacralization of the L7 including altering the normal
biomechanics creating a higher chance of cauda equina syndrome and associated degenerative
joint disease with neural compression [23, 24].

B
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Figure 3. Lumbar Sacralization of the Seventh Vertebra. Lumbar sacralization is the most
common malformation to occur at the lumbosacral joint in dogs in the lateral (A) and
ventrodorsal (B) radiographic projections [23]. Normal biomechanics can be altered creating
degenerative joint disease.
Mild sacroiliac subluxation may be quite challenging to diagnose on conventional
radiographs. On a standard ventrodorsal view, axial or abaxial obliquity can falsely narrow or
increase the width of the sacroiliac joint. This view may create a sense of sacroiliac subluxation
but is the routine manner at which most sacroiliac subluxation or luxation is diagnosed. An
attempt to identify the normal pelvic canal with intact sacroiliac joints should first be achieved.
Tracing the caudal aspect of the sacrum at its junction with the medial surface of the ilium
should create a smooth circle. If there is discrepancy between the cranial curve of the sacroiliac
junction, unilaterally or bilaterally, then sacroiliac luxation should be diagnosed (Figure 4). The
ilial wing will appear cranially displaced relative to the sacrum and the auricular surface of the
ilium may be noted on the medial aspect of the ilium (Figure 4).
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B

Figure 4. Diagnosing Sacroiliac Luxation via Radiographs. The yellow smooth circle represents
intact sacroiliac joints. The crescent shape represents sacroiliac joint incongruity at the level of
the joints (yellow arrows).
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Computed tomography (CT) has been the imaging modality of choice for evaluating
polytrauma focusing on patients with pelvic fractures and spinal fractures. Not only can the
osseous structures be evaluated, but there is improved interpretation of soft tissue structures
when compared to radiography [25]. By sedating or anesthetizing following immobilization, the
CT can be performed and reviewed without compromising remaining vertebral stability in the
event of a fracture or luxation. Multiplanar reconstructions can be helpful with regards to
evaluation of the acetabulum and medial wall, where perfect anatomical fracture reduction and
reconstruction for surgical planning are required.
While positioning for CT, special care should be made to prevent acute disruption and
additional fracture displacement which can create or exacerbate nerve injury. In the lumbosacral
region, if a sacral fracture is suspected, then the cauda equina may be susceptible to damage from
instability. Computed tomography can be helpful in diagnosing physeal fracture with minimal
displacement (young animals), a compression fracture with vertebral shortening, displacement of
bone fragments into the vertebral canal, subluxation of the sacroiliac/dorsal articular facet and
lumbosacral junction [25].
The surgeon may not have CT available leaving only conventional radiography for
imaging diagnostics. A prospective study analyzing CT to conventional radiographs of the
pelvis in 25 cats and dogs sustaining trauma found that up to 60% of fractures were misclassified
using radiography but surgical planning in these patients was not significantly affected [26].
One study compared CT versus 4 view-radiography for evaluation of sacral fractures and
subluxation/luxation in canine cadavers amongst radiologists, surgeons, and students [27]. In the
study, all observers had a high specificity of detecting absence of sacroiliac joint
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subluxation/luxations ranging (91-100%) [27]. There were no statistical differences comparing
groups, although surgeons had a higher reliability for evaluating sacroiliac
subluxations/luxations with CT versus radiographs (73% versus 95% reliability) [27].
2.3. Sacroiliac Luxation Treatment
2.3.1. Sacroiliac Luxation Medical Management
Many cases of sacroiliac luxation were treated conservatively in the past [28] potentially
because of the lack of intraoperative imaging and difficulties with implant placement having
close proximities to neural structures. Side effects of six weeks of strict exercise restriction
include delay to return to normal function, prolonged discomfort and pain, and lameness [28].
Since 1999, the advantages of intraoperative imaging with fluoroscopy and even intraoperative
radiographs have provided more insight for implant placement during sacroiliac luxation surgery.
Also, minimally invasive techniques have been described. With these advancements, the gold
standard remains internal fixation, although both conservative and surgical management
strategies have been described.
With polytrauma secondary to vehicular trauma causing sacroiliac luxation, medical
management encompasses a wide breadth of care. Priority should be taken at managing
cardiovascular pathology including shock by providing oxygen supplementation if required, fluid
therapy, and blood pressure support. Analgesics, both parenterally and enteral delivery are
indicated. Reasons behind selecting medical versus surgical management of sacroiliac luxation
should be evaluated patient with quality of life, both present and future, and owner financial
constraints being considered. Conservative management can be elected in the cases of minimal
displacement, pain, instability, neurologic impairment or narrowing of the pelvic canal [29, 30].
One contraindication to medical management includes the reduction of the pelvic canal by 50%
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with additional pelvic fractures. With pelvic canal narrowing due to malunion of fracture
fragments, the patient may be prone to developing dystocia, megacolon, tenesmus, and severe
pain.
In one study that received conservative medical therapy in 9 dogs with unilateral,
sacroiliac luxation, all dogs had apparent acceptable to excellent outcome, however, there was
discrepancy as information was lacking regarding veterinarian evaluation and long-term followup [31]. There were pelvic fractures in >30.1% of dogs, although the data was not available for
which cases of sacroiliac luxation had certain pelvic fractures [31]. There also was lack of
objective weight-bearing measurements from this study such as force plate data.
Another study evaluated 17 cases of medically treated canine sacroiliac luxation with
long term follow-up. The co-authors evaluated objective displacement length by measuring the
displacement distance from the caudal aspect of the sacrum to the auricular aspect of the medial
ilial wing [30]. Mean cranial displacement distance relative to the sacral length was 42.1% (986%) and mean body weight was 11 kg [30]. In this study, the authors found that 9/17 dogs had
long-term follow-up pelvic radiographs and 77.7% of these cases had unchanged or reduced
cranial displacement [30]. After further review of the data, of the cases with reduction in
displacement, 4/9 dogs had excellent outcome [30]. There was no positive correlation noted with
cranial displacement length and success in outcome.
Regardless of the sacroiliac luxation, concurrent pelvic fractures may play a larger role in
ambulatory capabilities for patients. It may be preferred to pursue surgical therapy with
polytrauma to optimize outcome, reduce hospitalization time, and promote early return to
mobility [28]. In this treatment algorithm, patient mobility can be enhanced as rehabilitation
therapy can be performed earlier during recovery, allowing improved function.
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2.3.2. Sacroiliac Surgical Treatment
Surgical fixation for sacroiliac luxation in veterinary patients has been described since
1962 [32]. Surgical fixation of the sacroiliac joint involves reduction of the SIL, drilling the
sacroiliac joint, and placing a screw or rod across the sacroiliac joint to maintain reduction [3, 4,
33]. If concurrent fractures are present, priority should be taken over correcting those first, as
inadequate reduction of the sacroiliac joint, may inhibit perfect pelvic fracture reduction [28].
Also, the sacroiliac joint may gain reduction with concurrent pelvic fracture repair [28].
For sacroiliac lag screw fixation, the patient position relies on proper sacral positioning
for drilling. Any deviation from the sacrum being perpendicular to the patient table may create
an oblique, suboptimal drilling trajectory. The patient should be placed in lateral recumbency for
both dorsolateral and ventrolateral approaches. Care should be taken to provide additional
restraint methods of the patient to the patient table as robust movement of the patient is usually
required during retraction of deeper tissues especially with subsequent pelvic fractures of the
acetabulum. Additionally, if a minimally invasive technique or if intraoperative imaging is
required, the surgical team should plan for use of a radiolucent surgical table, lead radiography
gowns, radiation badges, and fluoroscopy equipment.
Standard approach to the sacroiliac joint can occur via two approaches. The first
approach focuses on the dorsolateral approach to the sacroiliac joint (Figure 5) [34]. The patient
is placed in lateral recumbency with the affected side closest to the surgeon. A skin incicision is
centered over the cranial aspect of the dorsal iliac spin and is extended caudally towards the
coxofemoral joint. The underlying fascia is exposed, allowing visuallization of the cranial and
caudal aspects of the dorsal aspect of the ilial wing [34]. Incisions are then made on the lateral
aspect of the ilium through the middle gluteal fascia [34]. The middle gluteal can then be bluntly
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dissected off othe lateral aspect of the wing of the ilum [34]. A second incision is then made on
the medial aspect of the ilial wing at the origin of the sacrospinalis muscle. Both the elevation of
the middle gluteal and sacrospinalis muscle occur caudally, approaching the cranial gluteal
neurovascular bundle which has innervations to the deep gluteal muscle [34]. Elevation of the
sacrspinalis on the dorsal aspect of the sacrum should be limited to the lateral aspect of the sacral
foramina to avoid nerve damage [34].

A

B

Figure 5. The Dorsolateral Approach to the Sacroiliac Joint. The patient is placed in lateral
recumbency and the skin incison is centered over the ilial wing exposing the ilial wing (A) and
dorsal aspect of the sacroiliac joint (B) [34].
A ventral approach to the sacroiliac joint has been described by Montavon et al. [35].
With the patient placed in lateral recumbency, a skin incision is made at the level of the wing of
the ilium to the greater trochanter [35]. In this approach, the surgeon creates a skin incision
similar to a craniolateral hip approach, although more cranial. The surgeon identifies the middle
gluteal muscle at the insertion of the tensor fascia lata and at the caudal intersection of the biceps
femoris [35]. The incision is extended cranially to the ventral aspect of the ilial wing. The
ventral aspect of the muscle is elevated off of the wing of the ilium. The surgeon then palpates
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the ventral border of the ilial body to identify the region of the sacroiliac joint [35]. The iliacus
is then dissected off allowing access to the sacroiliac joint [35]. The ventral approach benefits
describe the allowance of palpation of the ventral sacral body [35]. By palpation of the ventral
body, the surgeon may be able to assess violation ventrally of the sacral corridor. Montavon et
al. described originally that preventing a greater than 10 degree angulation of the drill would
prevent sacral corridor violation, although, specific planes were not described [35].
Once the sacroiliac joint is exposed, sacral drilling may commence after identifying the
optimal drilling location to drill. Previous landmarks have been described for drilling the sacral
body [9]. DeCamp performed a study evaluating the sacral body by evaluating 100 canine sacra
from anatomic specimens. By defining limits surrounding the internal sacral corridor, the
authors found that measuring 60% ventrally from the most dorsal aspect of the sacral wing and
50% caudal to the sacral notch and the auricular cartilage would place the surgeon at an optimal
drilling point for drilling (Figure 6) [9]. In the same study, the area that was measured for
optimal drilling would be slightly larger than 1 cm2 (Figure 6) [9].

A

B

Figure 6. Previously Described Sacral Drilling Landmarks and Corridor. DeCamp and Braden
described measuring 60% ventrally from the most dorsal aspect of the sacral wing and 50%
caudal to the sacral notch and cranial to the auricular cartilage (shaded in pink) would place the
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surgeon at an optimal drilling point for drilling (A) [9]. In the same study, the area that was
measured for optimal drilling would be slightly larger than 1 cm2 (B)[9].
After the exposure to the sacroiliac joint has been gained, a kern bone holding forcep can
be placed on the cranial aspect of the ilial wing to aid in reduction or to expose the sacroiliac
joint further in preperation for drilling. Additionally, placing a Hohmann retractor at the ventral
aspect of the the sacral wing leverages the ilium ventrally. The drilling should be performed
perpendicular to the sacral body at the previously described land marks. The surgeon should be
mindful to identify the auricular cartilage of the sacrum as this suggests correct anatomic
location, although, does not aid in drill or screw placement (Figure 6). The surgeon should then
drill perpendicular to the sacrum and therefore the operating table, if there is proper positioning
of the patient. If the ventral approach is performed, a finger can be used to digitally palapte for
drilling exit. The drill should feel as it is engaging solid bone. Sacral drilling may represent the
most technically challenging aspect of surgery. After drilling, the selected screw should be
slightly shorter than the measured hole to allow adequate compression and reduction of the ilium
for the sacroiliac joint.
After the sacrum has been drilled, the glide hole for the ilial drilling can be performed.
This hole will be larger to allow adequate reduction and compression of the sacroiliac joint. This
step may be performed before or after sacral drilling. Landmarks for drilling the ilium have been
described as well [9] (Figure 7). The site for the ilial wing drilling can be located by palpating
the medial aspect of the ilium. From the lateral surface of the ilium measuring in the
craniocaudal direction 75% to the caudal iliac spine, and, in the dorsoventral direction, one-third
the width of the ilial wing will place the surgeon in an optimal drilling point to drill the ilium
with proper sacroiliac reduction (Figure 7) [28].
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A prominence can be palpated that inserts cranially into the sacral notch which is cranial
to the auricular cartilage of the sacrum [9]. If the hole is directed caudal to this prominence, then
adequate reduction will be acquired [28].

Figure 7. Previously Described Ilial Drilling Landmarks. From the lateral surface of the ilium
measuring in the craniocaudal direction 75% to the caudal iliac spine, and, in the dorsoventral
direction, one-third the width of the ilial wing will place the surgeon in an optimal drilling point
to drill the ilium with proper sacroiliac reduction [28].
Evaluation without the medial prominence may be more challenging. From the lateral
surface of the ilium, the glide hole should be located, in the craniocaudal direction, in the middle
of the caudal half of the tuber sacrale, and, in the dorsoventral direction, at the level of the dorsal
third of the width of the ilium [28]. One study evaluated drilling through intact sacroiliac joints
[36]. This may be helpful in identifying the correct location to drill across the ilium, if the
medial prominence is not apparent. In the cadaveric study by Joseph et al., the coauthors
vailidated ilial glide hole drilling by drilling from “the inside-out” with a 2.0 mm drill bit from
the sacrum to the lateral aspect of the ilium [36]. The authors attempted to define the geometric
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center deviation and found that following the previously described landmarks, the drilling
occurred to deviate slightly, 40 ± 29% in the craniocaudal plane and 29 ± 23% in the
dorsoventral plane [36]. Despite the deviations, drill holes occupied 90% (18/20) of the intended
sacral body [36].
Screw length has played a significant role in preventing post-operative complications [3].
In a retrospecive study of 92 cases of sacroiliac luxation repair, the authors retrospectively
evaluated follow-up pelvic radiographs with a mean follow-up of 437 days following fixation
[3]. Out of 60/92 SIL lag screw repairs, 21 cases were found to have <60% of sacral width
screw engagement. Of those cases, 48% (10/21) had implant loosening and subsequent loss of
reduction [3]. Only 7% (1/ ) had loosened with >60% of sacral width engagement [3]. The
number of screws had no effect on long term fixation loosening [3]. The authors concluded that
engaging >60% of the sacral width would provide the optimal fixation.
2.3.3. Closed Reduction
Another technique for surgical fixation of SIL involves the closed reduction technique.
Tomlinson et al. described the technique in 1999 [4]. Closed reduction requires fluoroscopy to
identify appropriate implant positioning with minimal surgical exposure. The patient is
positioned in lateral recumbency on a radiolucent table with the affected side facing up. The
staff should wear protective lead aprons and gowns as well as thyroid shields to prevent x-ray
exposure and are required to wear radiation monitoring devices. Adequate positioning can be
verified with fluoroscopy by visualization of superimposition of the lumbar transverse processes,
contralateral iliac wing, and appearances of the L7-S1 disc space, and sacral body [28].
After verification of proper positioning, the surgeon creates a keyhole incision at the level
of the cranial ilial wing and ischiatic tuberosity. Bone holding forceps are then used
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percutaneously to rotate and manipulate the ilium caudally and laterally to reduce the SIL. Once
reduced, a Kirschner wire is then placed caudally across the joint to temporarily maintain
reduction (Figure 8) [4, 28].

Figure 8. Closed, Fluoroscopically Guided, Temporary Fixation for SIL. A Kirschner wire has
been placed caudally (A) to maintain reduction of the sacroiliac joint luxation [4].
The location of the sacrum can be identified using 22 gauge needles [4]. A 1-cm keyhole
incision is made in the skin through the middle gluteal muscle making it parallel to the muscle,
avoiding laceration of the middle gluteal. A drill guide can be used with the tap end contacting
the ilium and simultaneously viewing the tap sleeve axially aligned over the center of the sacrum
or over the K-wire (Figure 9) [4, 28].
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Figure 9. A Tap Sleeve Centered Over Reduced Sacroiliac Joint. A tap sleeve, axially aligned
across the sacroiliac joint, can be used to provide retraction of soft tissues to prevent tissue
impingement during drilling [4].
After centering over the sacroiliac joint, the thread hole can then be drilled. It can be helpful to
obtain pre-operative measurements encompassing 60% of the sacrum. This can be obtained by
measuring 60% of the sacral width on a ventrodorsal radiograph and adding to it the width of the
ilial wing after measured (Figure 10). After the hole is drilled, the hole can be tapped if required
[4]. A glide hole can be drilled into the ilium using a larger drill bit. The appropriately length
screw is then placed across the sacroiliac joint reducing the SIL with the subcutaneous tissue and
skin are closed routinely following (Figure 10). Use of fluoroscopy does carry a risk of exposing
the surgeon and associated staff to scattering ionizing radiation. Also, this surgical technique is
limited to practices having availability to fluoroscopy.
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Figure 10. Closed Sacroiliac Measurements and Screw Placement in Fluoroscopic Views. On
perioperative measurements, the summed ilial width (yellow line with diamond ends) and 60%
sacral width (green line with diamond ends) will provide the optimal screw length. Note the
appropriate screw placement within the sacral corridor in B [4].
Another type of fixation used for SIL is transsacroiliac pinning or rod. This method
includes the use of a smooth or threaded Kirshner wire or Steinmann pin that is placed across
both sacroiliac joints [37, 38]. This method has been described as primary fixation or secondary
fixation that engages the ilia or both sacroiliac joints [37, 38] (Figures 11 & 12). Using a
threaded K-wire allows bolt application on both sides to provide adequate compression across
the reduced SIL after the bolt is tightened (Figure 11) [37, 38].
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Figure 11. Internal Fixation of SIL with Transacroilial Bolt. The threaded K-wire (A) is placed
across both sacroiliac joints (B) and the bolts are placed on each end [37]. Rotating the bolts
compresses and reduces the sacroiliac luxation, whether unilateral or bilateral. Lateral and
ventrodorsal projections of reduced sacroiliac joints utilizing this method (B&C). The bilateral
sacroiliac joint has been reduced using a single smooth K-wire as a primary fixation by bending
each end reducing the sacroiliac joints (D&E).
Performing this procedure varies compared to traditional ORIF as the patient is placed in
ventral recumbency with a dorsal approach to the sacroiliac joints allowing the legs to hang off
the end of the operating table [37, 38]. Allowing the legs to hang off in slight extension naturally
reduces the SIL. The decision to perform either transilial brace or transsacroilial pin then should
be made. If transilial brace is performed, then routine approach to the sacrum can be performed
to create a thread hole within the sacral body with routine sacroiliac lag screw placement as
previously described. Before transilial bracing, the middle gluteal must be dissected from the
dorsolateral aspect of both ilial wings for adequate visualization and exposure [37, 38]. A
sufficiently sized Steinmann pin is then drilled through the ilial wing, across the dorsal aspect of
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the sacrum, and advanced through the contralateral ilial wing which can be performed under
fluoroscopic guidance [37, 38]. The properly sized pin should be based on the dog’s weight,
however, should also allow the surgeon to bend the ends of the pin adjacent to the ilial wing to
allow compression [37, 38]. The pin ends are then bent and an additional ilial screw can be
placed adjacent to the pin and poly methyl methacrylate (PMMA) cement is applied to
incorporate both screw and pin end[37, 38].
If the transsacroiliac rod is placed for primary fixation, the pin can be driven through the
sacrum at the previously described landmarks through the sacrum, exiting out the contralateral
ilial wing which is being held in reduction (Figure 11,D & E). The side closest to the surgeon is
then reduced and the pin is placed and driven back through the reduced side, completing both
sides for reduction. The ends of the pin can then be bent over and be incorporated into PMMA
plug with an adjacent one or two screws [37, 38]. Alternatively, bolts can be threaded on to aid
in reduction (Figure 11, top).
Studies are limited using transsacroiliac fixation techniques [37, 38] compared to the
number of studies evaluating lag screw fixation. One study evaluated seven cases where primary
fixation of a transsacroiliac pin was performed in two cases of sacroiliac luxation as a and four
cases where the secondary transilial brace was performed [38]. All cases at least 73.5%
reduction of sacroiliac joints at a minimum of six weeks post-surgery reviewing recheck
radiographs with no evidence of pin migration[38]. Both mean percentage of sacroiliac
reduction and of sacral fracture was greater on follow-up radiographs compared to immediate
post-operative radiographs [38].
Leasure et al. described five cases of SIL repair using transsacroiliac fixation in a
retrospective study [37]. Post-operative results revealed 3 successful SIL repair with restoration
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of the pelvic canal and reduction of the SIL [37]. One case had implant failure due to screw
loosening and backing out 4 days post-operatively and had subsequent transilial brace placed
along with a transsacroiliac fixation [37]. There were 3/5 cases that healed with excellent
healing [37]. Long-term follow-up (202-650 days) revealed excellent limb function in 75% (3/4)
dogs and good function in 25% (1/4) dogs [37].
2.3.4. Surgical Complications
2.3.4.1. Suboptimal Screw Length to Sacral Width Ratio
Screw length may be determined by radiographic measurement and by summing both
depths of the sacral and ilial drill depths. The screw length to sacral width ratio may be one of
the most important factors in sacroiliac luxation repair. If the desired screw length to sacral
width ratio isn’t achieved, screw loosening with subsequent implant failure may occur leading to
loss of reduction of the SIL [3, 21, 39]. There are two important variables that may result in
suboptimal screw length to sacral width purchase: improperly measured screw length and
improperly directed screws prior to reaching the necessary screw length.
Radiographic views are magnified and anatomically distorted which can impact the
selection of the proper screw size and length. Prospective, objective studies evaluating preplanning via radiographs versus cross-sectional imaging such as a CT have not been conducted
in regards to screw length. Despite the planning utilized, it is imperative that 60% of the width
of the sacral body be engaged with the sacral screw and a large enough size is selected without
violating the sacral corrdior. Evaluation of preoperative planning and post-operative evaluation
of the intended 60% sacral body engagement has been reported in some studies, although the
findings were not primary objectives of the studies and the studies lack long term follow-up.
One study references a goal of achieving 50% of sacral bone purchase [6] for ventrolateral
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approaches, although this finding could not be interpreted from the referenced study using the
ventrolateral approach to the sacroiliac joint [35].
Outcomes vary regarding both in vivo and in vitro studies that comment on achieving the
desired 60% of the sacral width/screw length ratio [6, 7, 21, 39]. The subject is challenging to
make direct comparisons as studies evaluate both in vitro and in vivo as well as varying
techniques of SIL repair including both open and closed reduction methods which will be
discussed in the future.
Multiple studies have reported adequate sacral width purchase of >60% using the
minimally invasive, closed reduction approach. Tonks et al. reported 29 SILs repaired with
closed reduction under fluoroscopic guidance with mention of engaging 60% of the sacral body
within the introduction of the manuscript. Immediate post-operative measurements revealed a
mean of 64 ± 19% (30-100%) with long term follow up of 61±21% (17-100%) [39]. There were
10 screws with <60% and three screws were loose at recheck radiographic followup (6 weeks to
>8 weeks) [39]. Of the loose screws, 2 had <60% sacral width and 1 had >60%. In all cases of
loose screws, pelvic diameter was not reduced and when implant lucency was apparent, it
resolved with antibiotics [39].
Another in vivo study evaluated post-operative screw width comparisons with open
reduction with internal fixation versus closed reduction repair under fluoroscopic guidance in
both dogs and cats [21]. Determining the outcomes were difficult as both categories were not
stratified in the outcomes. The authors reported a follow-up range of 1-8 weeks for postoperative radiographic evaluation [21]. There were 53.3% (8/15) implant loosening in the open
reduction versus 8% (1/12) for the closed reduction with only 25% (6/24) and 38.4% (5/13)
achieving >60% of the sacral depth respectively [21].
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A clinical study evalauting closed reduction with internal fixation recorded sacral width
to screw purchase ratio [4]. This study was the first to describe a method of closed reduction
using flouroscopic guidance in dogs for sacroiliac luxation. There were thirteen cases that
recived the closed reduction method and mean sacral width to screw purchase was 79% [4]. Of
the 13 case evaluated, 9/13 cases had a cortical screw, 1/13 with a cancellous screw and 3/13
with a cannulated screw. No dogs had evidence of screw loosening after a minimum follow-up
was at least one month [4].
A cadaveric study by Dejardin et al. evaluated closed reduction under fluoroscopic
guidance versus open reduction with interal fixation for SIL and reported post-reduction screw
purchase to sacral width ratios [7]. Overall, the open reduction with internal fixation had lower
screw purchase to sacral width ratio (67.3 ±19.4%, 32.4-96.8) compared to the closed reduction
method (97.1±2.3%, 93.3-100) [7]. It is of intestest to note that the mean sacral diameter was
lower in the minimally invasive closed reduction group (9.5±0.8 mm) compared to the open
reduction group (10.3±0.7), however, the role of approximately 1 mm in width affecting the
results is unknown [7].
One study evaluated sacral screw purchase to sacral widths comparing a dorsolateral to
ventrolateral approach [6]. In this retrospective clinical study, 53 cases of SIL were performed
(28 dorsoloateral, 25 ventrolateral)[6]. Single screws did not show any difference between
approach and the ability to achieve the intended sacral purchase width [6]. In this study, the
authors placed a second sacral screw in some cases, where a combined screw lengths to sacral
width ratio would then be added together [6]. The dorsolateral approach had 48% (12/25) cases
with 59% sacral width purchase using an orthogonal assessment and the ventrolateral group had
51% of cases with 49% sacral purchase [6]. For short-term follow-up, implant loosening
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occurred in 14.7% (5/34) dorsolateral cases and in 8% (2/25) ventrolateral cases [6]. All
loosened screws were inappropraitely placed within the spinal canal, L7-S1 disc space, caudal
sacrum, or no screws in the body despite there being no additional treatment necessary; revision
surgery was performed on one of the ventrolateral cases [6].
2.3.4.2. Improper Screw Placement
Evaluation of improperly placed screws for SIL can be gleaned from the similar reports
as previously mentioned; however, a specific study evaluating this complication and effects on
short and long term function have not been published. The consequences of improperly placed
screws include reduced suboptimal fixation and may include additional surgical complications
such as chronic pain. Structures that surround the sacral corridor include the spinal canal with
accompanied cauda equina dorsally, lumbosacral disc space cranially, and organs of the pelvic
canal including the descending colon and rectum, ventrally [28]. Inherent limitations in twodimensional plane film radiographs prevent proper interpretations in slight malpositioned screws
and even some larger malpositioned screws.
One of the largest retrospective in vivo studies on SIL, reported screw positioning in 135
screws in 75 procedures for SIL stabilization, although 6.6% (9/135) could not be evaluated due
to poor radiographic positioning [3]. Only 33% (44/135) were placed within the sacral body,
31% (42/135) were placed dorsal to the sacral body including the articular facet, 14% (19/135)
between L7-S1, 15% (20/135) ventral to the sascral body, and 0.7% (1/135) into the body of L7
[3]. Of the 18 fixations with no screws placed in the sacral body, with the screw location being
dorsal, cranial, or ventral, 50% ( 9/18) had evidence of screw loosening although the follow-up
time was not recorded in the study [3].
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Rollins et al. reported 37 SIL repair methods retrospectively and a 30% (11/37) improper
screw placement with a majority of inaccurate screws placed with open reduction (41.6%, 10/24)
compared to fluoroscopic guidance closed reduction (7.6%, 1/13) despite no significant
difference between groups [21]. Of the 24 cases, 3 had an immediate additional procedure to
correct the screw placement, and 1/15 required a second surgery due to implant failure [21]. The
one patient that developed implant failure developed severe neurologic deficits of the pelvic limb
experiencing questionable loss of deep pain of the SIL side, however, screw position was not
specifically reported for this case [21]. There were 53.3% (8/15) cases of open reduction with
screw loosening noted on follow-up radiographs with a non-significant loss of reduction [21].
Limitations of the study were that screw postion was not noted in the findings due to the
retrospective nature of the study. Overall, the amount of cases requiring revision surgery outside
of the perioperative window were low (2.7%) and outcomes of patient comorbidity were not
reported.
Another study that compared dorsolateral versus ventrolateral approaches to the SIL
reported screw location post-operatively [6]. Overall, single-plane lateral radiographs of the SIL
repair revealed that dorsolateral (71.4%, 35/49) and ventrolateral (80.4%, 41/51) placement of
screws had no differences between surgical approaches and screw placement [6]. When
radiographic orthogonal assessments were applied, these numbers increased for both techniques
(dorsolateral: 89.5%, 34/38 and ventrolateral: 81.8%, 27/33) [6]. Short-term follow-up found
that 75%, 3/4 of the dorsolateral screws loosened with evidence of improper screw placement
including in the spinal canal, lumbosacral disc space and caudal sacrum [6]. The fourth case had
a screw placed that was 56% of the sacral width to screw purchase ratio [6]. Despite these
findings, no therapy was required as no funcitonal impairment was noted [6]. Using the
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ventrolateral approach, only 1 case had evidence of screw loosening after the screw was noted to
be engaging 49% of the sacral width [6]. This screw was later removed and replaced during
revision surgery. No evidence of screw loosening was noticed four weeks later [6]. There were
no patients that suffered comorbidites with improper screw placement. Limitations in the study
included the retrospective nature of the study and the low sample size for groups make it
challenging to compare groups.
After reviewing literature, there appears to be a lack of correlation with comorbidities or
damage to the lumbosacral disc space and cauda equina. It may be difficult to find correlation
with persistent lameness as long-term follow-up would need to be evaluated in a prospective
study with goals of follow-up.
2.4. Veterinary 3-D Printing
Three-dimensional (3D) printing has become an area of interest that has arisen from
decades of advancing and pushing the limits in both human and veterinary medicine. The
concept of 3D printing derived and captured the system of imagining an object or idea and
bringing the object to life through a basic three step process of imaging, segmentation, and
printing (Figure 12.). When creating a 3-dimensional model, these steps may overlap when
perfecting and matching the expected outcome.

Surgical Imaging
• Computed
tomography
• Orthopedic
• Soft Tissue
• Neurology
• MRI

Segmentation
• Open source
• STL File
• Editing
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3D Printing
• Fused
Deposition
Modeling
Printers (FDM)
• Various Types

Figure 12. The Stages of 3D Printing. Collection of images generally revolves around cross
sectional diagnostic acquisition of the information. Once collected, a 3-dimensional model can
be created and edited with segmentation software. After the final model is complete, 3D printing
may commence.
It is challenging to pinpoint the exact moment when 3D printing entered the veterinary
field, although, some of the earliest reports discuss 3D modeling for a pelvic limb deformity [40]
(Figure 13).

A

B

Figure 13. The First Report of Veterinary 3D Printing. A German Shepherd presented with a
right tibial pelvic limb deformity and 3D printing was utilized to practice the surgical correction
of the tibial angular limb deformity.
The use of 3D printing has primarily been in veterinary orthopedic surgery with the use
of osteotomy guides and drilling guides to improve surgical outcomes [40]. Three-dimensional
printing has shown to improve precision and accuracy and may reduce anesthesia time, optimize
fixation angles, and create a better understanding of surgical pathology. They have been used in
vertebral drilling [41-43], femoral neck and acetabulum for coxofemoral luxation [44], humeral
condylar fissure[45], and custom 3-d acetabular implants [46]
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2.4.1. Three-Dimensional Printing Process
2.4.1.1. Image collection
The evolution of 3D printing has arisen from the ease and capabilities of 3-dimensional
cross-sectional imaging. The first process involves gathering the imaging data from the imaging
modality from the patient (i.e. CT or MRI). Current, gold standard 64 or 128 multi-slice CT
scanners can quickly obtain CT data with mild-heavy patient sedation. The use of segmentation
software to render CT data to a 3D object is pivotal in 3D modeling. Once the imaging has been
obtained, it is exported as DICOM (digital imaging and communications in medicine) files into
open source or commercially available software [47].
2.4.1.2. Segmentation Software
Once in the viewing software, segmentation can proceed. One benefit of cross-sectional
imaging includes the ability to isolate the tissue in interest for model creation (Figure 14).
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Figure 14. Three-Dimensional Segmentation and Isolation from CT. Isolation of the spinal
column in a canine using segmentation software from the CT. The bones are isolated based on
Hounsfield units. The more extreme Hounsfield Unit values generally are less challenging to
isolate to create a model with low artifact.
Differences in density allow tissue isolation which are dictated by Hounsfield units (HU)
in computed tomography. Hounsfield units range from -1000 (Air) to 1000 (cortical bone)[25]
based on the density with a HU unit of zero being defined as that of pure water. Since bone is
quite denser than surrounding tissues and the Hounsfield unit difference is large, isolating
specific bones to print is relatively easier than other tissues using standard threshold techniques
(Figures 14 and 15). CT has been considered the modality of choice compared to MRI for
imaging bone for 3D models as the spatial resolution of CT is much higher than that of MRI and
the contrast resolution between bone and surrounding soft tissue is greater using CT [48].
Segmentation software allows the user to create the ideal model that replicates the patient
identically. The use of tools to build, erase, isolate, smooth, and other features, allow full control
from a user-friendly interface to build the optimal 3D model (Figure 15).

Figure 15. Three-Dimensional Segmentation and Editing. Removing the remaining bones to
isolate the spinal column (right) enables the software to create an exact model of interest.
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2.4.1.3. Three-Dimensional Printers
Three-dimensional printers have evolved since the 1980s. Printing 3D models rely on
additive printing which follows a predetermined pattern rather than carving or sculpting and
builds layer by layer [47]. Various types of 3D printers are on the market with the most common
being fused deposition model (FDM) and stereolithography printers. FDM printers extrude a
linear, flexible material that is melted through a specific nozzle layer by layer (Figure 16). The
customizable settings on the FDM printer and software allow changes to the detail, speed, and
cost of the print. FDM printers are available to be used in a desktop assisted manner and can
cost between $500-5000 for a simple printer.

Figure 16. Fused Deposition Modeling (FDM) Planning and Printing. Modeling software
provides the “blueprint” for the model. The contours on the left reveal the layer-by-layer
printing algorithm that is included in the print code as well as support structures. The printer on
the right is an example of an FDM printer that is printing a cervical brace.
Raw materials can include polylactic acid (PLA), acrylonitrile butadiene styrene (ABS),
rubber based materials, or metal based materials [47]. Stereolithography printers employ a lowpowered ultra-violet laser that is traced across a vat filled with acrylate polymer or epoxy resin in
a liquid form [47]. The laser solidifies a layer of resin that is then lowered via platform into the
vat [47]. Once the first layer is added and lowered, a new layer of fresh photocurable resin is
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added and solidified by the ultraviolet light [47]. After completion, the unexposed polymer is
drained away from the model leaving the model [47].
2.4.2. Current Literature 3D printing
Studies have been investigating the use of 3-D printed drilling guides (3DDG) in
veterinary medicine. These studies extrapolate that higher precision and accuracy is found in
different surgical scenarios. Both cadaveric and in vivo studies evaluate the use of 3DDG in
vertebral drilling, humeral condylar drilling, and femoral neck drilling. Unfortunately, it is
challenging to find a blinded, controlled, prospective study as one does not currently exist.
Aside from single mentioned case reports, one of the first largest studies evaluating
3DDG were used in canine cervical pedicle drilling [41]. One of the motivations for the
development of 3DDG were found in a cadaveric study where 100% Steinman bicortical pins
violated the vertebral canal compared to a lower incidence of monocortical screw fixation [49].
The authors for the cervical pedicle drilling study declared that manual drilling for canine pedicle
screws is not recommended [41]. In this clinical prospective study, the authors performed CT
imaging on cervical vertebra in three dogs requiring cervical stabilization[41]. A total of 32
transpedicular screws were placed and 91% of screws were placed without breach, while 9.3%
had minor breaching of less than 2 mm [41]. The average screw diameter filled 75% of the
pedicle diameter meaning that there was very small margin for error.
Another study by Fujioka et al., drilled thoracic and lumbar vertebra utilizing a 3DDG for
vertebral fixation after vertebral instability was diagnosed [43]. There were 22 vertebral drill
holes created in cadavers and 29 holes drilled in clinical cases [43]. There were no significant
differences found between entry and exit point hole deviations with the cadaver group with an
overall deviation of 0.88 mm and an overall 1.1 mm of screw deviation of the clinical cases [43].
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No screws violated the spinal canal in the cadaveric group and 3.5% violated the canal in the
clinical group [43].
Easter et al. retrospectively evaluated 3DDG for drilling prior to transcondylar screw
placement in the canine humerus for intracondylar fissure [45]. Intracondylar fissure can be
secondary to incomplete ossification of the humeral condyle and may predispose certain dog
breeds to condylar fracture during traumatic jumping or other events. The challenging aspect at
preventing fracture describes prophylactic placement of transcondylar screws of the largest size
to prevent implant failure at an area that undergoes cyclic loading with every weight-bearing
step. In the study, the authors placed a 5 mm cylinder replicating a 5 mm screw across the
condyle to create the 3DDG [45]. During surgery, the guide was placed on the medial aspect of
the humeral condyle and drilling commenced using a 2.5 mm drill bit across the condyle [45].
The 2.5 mm hole was over drilled using a 3.2 mm then 4.2 mm drill bit and a 5 mm locking
screw was placed [45]. Postoperative CT was performed and a 3D reconstructed humeral model
was superimposed over the preoperative planned trajectory model [45]. The results revealed that
mean starting translation was 1.3 mm, ending translation was 1.8 mm and mean maximum
angular screw deviation was 5.23 degrees [45]. There were no screws that violated through the
articular surface using the 3DDG [45]. Limitations of this study included the retrospective
nature and lack of a control group [45].
Transitioning from the vertebrae and humerus, 3DDG were also implemented in the use
of transfemoral drilling by Darrow et al. for cadaveric toggle pin placement for clinical hip
luxation [44]. In this study a 3DDG was designed to drill a safe corridor through the femoral
neck and acetabulum during a minimally invasive approach to the proximal femur to create a 4.2
mm drill tunnel [44]. The mean approach and placement time for the toggle pin device was
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approximately 17 minutes with all toggle pins successfully deployed [44]. The mean maximum
angle deviation was 2.5 degrees and mean translation of the tunnel was 1.1 mm with a higher
limit reaching 5.3 mm [44]. Based on previous definitions of successful toggle pin placement
(contacting the fovea capitis of the femur), 78.9% (15/19) toggle pins were placed appropriately.
Limitations of the study included using non-luxated hips and the lack of comparing this method
to another method of hip luxation repair.
2.4.3. Three-Dimensional Printing for SIL
To the best of the authors’ knowledge, there has not been a study that has utilized 3D
printed custom drill guides for drilling canine sacra. The primary objective of this study was to
improve the accuracy of drilling during the repair of sacroiliac luxations in canine cadavers with
a 3D-printed patient-specific drill guide technique (3D-GDT) compared to free-hand drilling
technique (FHDT). A secondary objective was to compare drilling trajectories using 3D
software compared to CT measurements. We hypothesized that sacral drilling with the use of a
3D-printed drill guide would have less variability from optimal trajectory (higher accuracy)
when compared to the free-hand drilling technique based on computer tomography (CT) analysis
and 3D analysis and that all 3D printed drill guide trajectories would remain within the safe
sacral corridors with no drill tract exit.
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CHAPTER 3. MATERIALS AND METHODS
3.1. Study Design
Sixteen canine cadavers weighing between 20-25 kg, euthanized for reasons not related
to the study, were included in the study design (Figure 16). These cadavers were used in the
Doctor of Veterinary Medicine program cadaveric teaching laboratories at our institute
(Louisiana State University) and were euthanized for reasons unrelated to the present study.
According to Louisiana State University regulations, this cadaveric study does not require an
institutional care and use committee protocol. Canine cadavers were prepared for a dorsal
surgical approach to the sacrum. All cadavers were stored at -20°C. Within one freeze-thaw
cycle, cadavers were thawed within 72 hours at 4°C. A, bilateral, sacroiliac luxation (SIL) was
created as previously described [7]. Once the bilateral luxations were created, a CT scan (GE
Lightspeed; GE Medical Systems, Milwaukee, WI) of the pelvis was performed for each

Figure 17. The Experimental Design. Sixteen cadavers were originally selected for inclusion. A
bilateral sacroiliac luxation was created, and randomization of each treatment method was
performed. A pre and post drilling CT was then performed after each treatment method for each
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sacrum. Manual and 3D analysis of the drill trajectories was performed. Asterisk represents
open-source software.

cadaver. Briefly, transverse helical scans were obtained at a slice thickness of 0.625 mm using a
pitch of 0.562:1, tube rotation time of 1 sec, kV of 120, and mA of 150. Images were obtained
using a bone algorithm (high frequency reconstruction algorithm). All images were stored and
analyzed in DICOM (Digital Imaging and Communications in Medicine) format.
3.2. Drilling Method and 3D Printing
Using randomization software (https://www.random.org/), each cadaver was assigned to
receive either method of sacral drilling: a 3D guide drilling technique (3D-GDT) or free-hand
drilling technique (FHDT) on the left or right side. For the 3D-GDT group, CT images were
transferred to an open-source image analysis software platform (3-D Slicer, version 4.10.2) and a
stereolithography (STL) model of each sacrum was created. This STL file was transferred to an
open-source computer-aided design software (Tinkercad, https://www.tinkercad.com/ ) for
surgical planning (Figure 18).
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Figure 18. Hollowed (A) and Full Bone (B) Stereolithography Files of a Sacrum with 3D Guide
Planned Drilling Trajectory. An optimal drill trajectory (blue end of a cylinder viewed in the
picture) was identified using a hollow 3D model centered in the sacral corridor (A). The
cylinder represents the location of the sacral drilling in the sacral wing once the hollow
parameter was reversed.

Figure 19. Lateral (A) and Cranial/caudal (B) Views of a Right Custom 3D Drill Guide Created
from Figure 18. The custom 3D drill guide is composed of a body that fits to the anatomy of the
sacral wing. Two guides holes for a 20G needle were placed that allows 4 mm needle protrusion
at the edge of the sacral wing when fully inserted to confirm 3D guide placement. The guide
was designed with an inner diameter of 2.75 mm and a length of 30 mm that resembles a 2.5-3.5
mm standard drill guide. Computerized images of a sacrum with the proposed guide in place
fitted to the lateral wing of the sacrum in the lateral (C), axial (D), and coronal (E) view.
The custom 3D guide was designed to conform to the lateral aspect of the sacral wing
(Figure 19). The planned, optimal sacral drilling trajectory was based upon sacral 3D analysis
by a single, board-certified surgeon (AG). A 2.5 mm diameter cylinder representing the optimal
drilling trajectory was placed through the sacral corridor transversely, avoiding contact with
cortical bone in all planes within the sacral corridor to prevent the occurrence of screw exit and
to optimize bone stock for implant placement (Figure 18). Using the STL file model, the medial
surface of the drill guide was positioned to maintain complete contact with the lateral aspect of
the sacral wing and was visually confirmed with the design software to ensure a proper fit when
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placed on the cadaver (Figure 19). Two needle holes were designed along the cranial and dorsal
margin of each drill guide to assess proper placement as preliminary trials did not result in
consistent sacral “press-fit” to the lateral aspect of the sacral wing. The needle holes allowed
approximately 4 mm protrusion from a standard 2.5 cm 20-gauge needle to delineate the cranial
and dorsal margins of the sacral wing. After completing the design of the 3D-drill guide, the
STL was transferred to the 3D printer print software in preparation for printing.
The drill guide was printed with an inner diameter of 2.75 mm and a length of 30 mm to
replicate a standard 2.5-3.5 mm standard drill guide (Figure 20). The custom 3D drill guides
were printed out of polylactic acid at a layer height of 0.3 mm, using a commercially available
3D printer (Raise 3D, Pro 2 Plus, Irvine, CA) (Figure 20).
2.5/3.5 mm drill guide

Figure 20. Three-Dimensional Guide Compared to Standard 2.5/3.5 mm Drill Guide. To reduce
variability with the experimental design, the 3D guide was designed to replicate the size of a
standard 2.5/3.5 mm drill guide.
The cadaver was positioned in either right or left lateral recumbency on the operating
table. For all sacral drilling, a planned trajectory length measuring 60% of the sacral width from
the pre-drilling CT was used. For the FHDT group, the sacrum was drilled with the aid of a 2.53.5mm drill guide positioning the guide following the landmarks previously described for
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optimal placement [9]. For the 3D-GDT, the 3D-printed custom drill guide was applied to the
lateral aspect of the sacrum and the needles were applied to verify placement (Figure 21). A
single experienced, board-certified surgeon (AG) drilled all trajectories approximately 60%
using a 2.5 mm drill bit while maintaining the drill guide position on the sacrum (Figure 21).

Cranial

Cranial

Cranial

Figure 21. The 3D-GDT on Canine Cadaver. The 3D Guide is applied to the lateral aspect of the
sacrum. The needle guide holes were placed to allow a standard 2.5 cm 20-gauge needle to
protrude approximately 4 mm to contact the bone margins (left). This allowed a second
verification of placement for the drill guide. A 3.5 mm screw is placed after the hole is drilled
(lower right).

The FHDT was drilled first in all cadavers in the respective, randomized side to reduce
bias as it may have influenced the 3D guide placement when performing 3D-GDT. A 3.5 mm
cortical screw was placed bilaterally and removed before the post-drilling CT scan was
performed, to be sure the drilling trajectory was free of debris or fluid (Figure 21). Once both
sides of the sacrum were drilled with each method, a pelvic CT (GE Lightspeed; GE Medical
Systems, Milwaukee, WI) was then performed for each cadaver.
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3.3. Post-Drilling CT and 3D Software Analysis
The CT and 3D analysis drilling trajectories were measured using both CT and 3D
analysis methods. For the CT method, a single experienced, board-certified radiologist (LAG),
blinded to the drilling technique, measured the craniocaudal and dorsoventral angles as
previously described [7] and evaluated drill exit presence using imaging software (Osirix MD v.
11.0.2) (Figure 22). Sacral widths and drill tract lengths were recorded.

Figure 22. CT Measurement of Sacral Drilling Angles. Dorsal (A) and transverse (B) CT
multiplanar images from the same case as Figure 18. Measurement of craniocaudal (A) and
dorsoventral (B) angles on the right side where a custom 3D drilling guide was used.

For the 3D analysis method, the post-drilled sacral CT was transferred back to image
analysis software platform (3-D Slicer, version 4.10.2) and a stereolithography (STL) model of
each sacrum was created. Care was taken to maintain the drilling trajectories during STL file
development. The STL files were then transferred into the computer-aided design software
program (Tinkercad, https://www.tinkercad.com/). https://www.tinkercad.com/). Only the sacra
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were aligned in the CAD software. After proper alignment, the actual versus optimal drilling
trajectories were isolated and removed. The trajectories were exported back to the image
analysis software where additional measurements were performed (Slicer). In the image analysis
software, cranial, caudal, dorsal, and ventral deviation as well as 3D linear distances were
compared at both the start and end drill trajectory points between the planned optimal trajectory
and the actual drilled trajectories (Figure 23). For the craniocaudal and dorsoventral
measurement, the sagittal plane was used to identify the mid-point of the optimal trajectory and
the linear distance (mm) in the single horizontal (craniocaudal) or vertical (dorsoventral) axis
was used to calculate the distance. For the 3D linear distance, the sagittal plane was used to
identify the mid-points of both the optimal and actual drilled trajectories and a distance between
the two points was calculated (mm). The center of each trajectory was identified, and angles
were measured in the craniocaudal and dorsoventral planes.

A
B
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Figure 23. Three-Dimensional Analysis of Sacral Drilling Angles and Distances. Images of 3D
analysis software (3-D Slicer, version 4.10.2), detailing the initial trajectory points of the optimal
trajectory (green bar) compared to the drilled trajectory (yellow bar). The software identified the
center of each trajectory and subsequent measurements were made detailing the craniocaudal,
dorsoventral and 3D linear distances. The software also calculated the trajectory angle in both
the craniocaudal and dorsoventral plane (A & B). The solid yellow line (B) represents the
difference in optimal versus actual drilled start point and the dashed yellow line (B) represents
the difference in endpoint locations between optimal and actual drill tracts/paths. The diagonal
red line connecting the yellow and green bars (A) represents the 3D distance and the red vertical
line (A) represents the dorsoventral deviation while the red horizontal line represents the
craniocaudal deviation. These were calculated for all start and end points in each trajectory.
3.4 Statistical Analysis
Statistical analyses were performed using JMP Pro, Version 15, SAS Institute Inc., Cary,
NC). A priori power analysis revealed 15 cadavers would be needed to obtain 30 drill
trajectories to achieve a power of 80% to detect a difference in CT measured angles between the
two groups with a p-value set at 0.05. The continuous variables of CT and 3D craniocaudal and
dorsoventral angles and 3D measured craniocaudal, dorsoventral, and 3D linear distance
deviations between the 3D-GDT and the FHDT methods were tested for normality using the
Shapiro-Wilk test and were found to be normally distributed. The continuous variables of the
CT and 3D craniocaudal and dorsoventral angles were compared between 3D-GDT and FHDT
groups using a Student’s t-test. The 3D analysis compared start and end trajectory points
measuring the linear craniocaudal, dorsoventral, and a combined vector (3D linear distance)
deviation of these points from the optimal trajectory between the FHDT and the 3DGDT using a
Student’s t-test. A Pearson’s correlation coefficient (r) was measured to determine the strength
of linear correlation between CT and 3D craniocaudal and dorsoventral angle measurements
between 3D-GDT and FHDT.
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Descriptive statistics were used to report signalment data, mean sacral width, body
weight (kg), and drill exit. Results are reported in mean and standard deviation. Statistical
significance was set at p≤0.05.
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CHAPTER 4. RESULTS
4.1. Signalment Data
The mean body weight was 21.9 kg, and the Staffordshire Terrier was the most
represented breed. There were 16 cadavers with 32 drilling trajectories initially included in the
study. An error was identified during post-3D analysis with a sacrum/3D-guide mismatch. After
verifying a 3D guide was used for the wrong sacrum, this trial information was censored from
the remaining data. A remaining total of 30 drill trajectories (15 FHDT and 15 3D-GDT) were
evaluated in fifteen sacra. A total of 60 CT and 3D software angle measurements were made (30
dorsoventral and 30 craniocaudal).
4.2. Measurements
Mean craniocaudal and dorsoventral angles for CT measured 3D-GDT (4.2o±3.9 and
3.9o±3.2, respectively) were lower compared to FHDT (11.8o±4.0, p<0.0001 and 8.9o±6.1,
p=0.001, respectively). Mean craniocaudal and dorsoventral angles for 3D measured 3D-GDT
(5.1o± 5.1 and 2.8o±2.3, respectively) were lower compared to FHDT (12.4o±5.9, p=0.0006 and
5.3o±5.24, p=0.05, respectively) (Table 1).
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Table 1. Computed Tomography Versus 3D Guide Measurement Methods for 3D Guide and
Free Hand Drilling Technique

*Statistically significant, Abbrev: CT, Computed Tomography; FHDT, Free Hand Drilling
Technique; mm, millimeters; SD, Standard Deviation; 3D, 3-Dimensional; 3DGDT, 3D-Guide
Drilling Technique
A total of 180 measurements using 3D software were obtained: 90 start and 90 end drill
trajectory points (45 3D-GDT and 45 FHDT). There were 15 3D, dorsoventral, and craniocaudal
distances obtained from both the start and end points from each sacrum. Three-dimensional
analysis results found lower values in the end craniocaudal (p=0.003), dorsoventral (p=0.01) and
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3D linear distances (p=0.0003) of the trajectories comparing 3D-GDT and FHDT (Table 2,
Figure 23).
Table 2. Three-Dimensional Analysis Start and Exit Drill Trajectory Point Distances for FHDT
Versus 3D-GDT from the Optimal Drill Trajectory

Abbrev: FHDT, Free Hand Drilling Technique; mm, millimeters; SD, Standard Deviation; 3D, 3Dimensional; 3DGDT, 3D-Guide Drilling Technique *=statistically significant
There were no differences between the craniocaudal (p=0.91) and 3D linear (p=0.38)
start drill trajectory points, but the dorsoventral measurements were significantly lower (p=0.05)
in the 3D-GDT (Table 2, Figures 24 & 25). Drilling dispersion data regarding 3D linear distance
was plotted and found that most of the start and end drill trajectory points of the 3D-GDT were
approximately within 2.5 mm of the optimal trajectory in all planes compared to approximately 8
mm of the optimal trajectory in all planes of the FHDT (Figures 24 & 25). Linear correlation
was strong between 3D and CT craniocaudal and dorsoventral measurements as r=0.77.
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Figure 24. Dispersion Graph for 3D-GDT. The dispersion of 3D distances of start and end drill
points using 3D-GDT. The mean start distance from the optimal trajectory was 2.0±1.2 mm and
the mean end distance from the optimal trajectory was 2.5±1.4 mm.
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Figure 25. Dispersion Graph for Free-Hand Drilling Technique. The dispersion of 3D distances
of start and end drill points using FHDT. The mean start distance from the optimal trajectory was
2.4±1.4 mm and the mean end distance from the optimal trajectory was 5.4± 2.2 mm.
Drill exit was identified in 20% (3/15) FHDT and 0% (0/15) in 3D-GDT. Drill exits of
2/3 drill trajectories occurred through the cranial sacral endplate for the left-sided drilling and 1/3
through the cranial endplate from the right-sided drilling. All cases of drill exit occurred during
free hand drilling technique.
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CHAPTER 5. DISCUSSION
Use of the 3D-GDT resulted in higher accuracy in sacral drilling in all angles and end
drill trajectory points measured with no drill exit compared to the FHDT, which allowed us to
accept our primary hypothesis. Our secondary hypothesis was also accepted as there was a
strong correlation between CT and 3D measured angles. The free-hand drilling technique
resulted in drill exit in 20% of trajectories, which has been similar to previously reported [7]
while all of the 3D-GDT drill trajectories remained within the sacral corridor.
Previous sacral drilling studies evaluating screw placement include both retrospective and
prospective experimental designs evaluating a novel instrument apparatus [50] fluoroscopic
guidance using a minimally invasive approach [4, 7, 21] and analytical studies evaluating
optimal drilling trajectories [5] [8]. Sacral drilling can be technically challenging, and a 3D
custom drill guide can overcome some of the difficulties. A prototype apparatus [50] has been
designed for sacral drilling supporting recognition that drill placement for internal fixation of
SILs is a technical challenge. The custom 3D-printed drill guides used in this study were created
with open-source software.
There were no statistical differences between the start drill trajectory points between the
FHDT and the 3D-GDT, whereas all end drill trajectory point distances were lower in the 3DGDT and were closer to the optimal drilling trajectory. The optimal start drill trajectory point of
the FHDT was determined following the landmarks previously described [9]. As the drill
advances through the bone, a small movement or tilt has an exponentially higher effect to create
a larger distance between optimal and actual end drill trajectory points. The largest 3D linear
distances between the optimal drilling trajectory and the 3D-GDT were observed in two cases to
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be approximately 5.5 mm. In one case, the trajectory was in near perfect alignment to the drilled
sacrum in the dorsal plane, but the trajectory was dorsal by 5.5 mm. This likely was secondary
to 3D guide creep during drilling secondary to a reduced “press-fit” to the bone.
Fluoroscopic guidance drilling and screw placement for sacroiliac luxation allows the
surgeon to three-dimensionally perceive the drilling trajectory. One recent study revealed higher
accuracy in screw placement utilizing fluoroscopy (92%) versus open reduction with internal
fixation (58%) [21]. Avoiding further imaging requirements reduces radiation exposure,
anesthesia time and potential complications including surgical site infection [51, 52], patient
comorbidity and financial costs to both clinicians and owners.
The sacral corridor was referenced and analyzed for sacral screw placement using 3D
CAD software for SIL (Figure 20) as previous reports only assessed external anatomy or
fluoroscopic guidance [5, 8, 50]. The sacral corridors observed on the 3D view of the sacrum
(Figure 20) revealed further understanding of the sacral corridor dimensions. Previous studies
have revealed the sacral corridor to be quadrilateral whereas our findings suggest that the
corridor is pyramidal [9]. Larger area exists within the cranial aspect of the sacrum for screw
placement in the dorsoventral plane. These findings may enhance the surgeon’s ability to
visualize drill trajectory angulation relative to the sacral wing as previous reports describe a
corridor of 24 degrees total in the dorsoventral plane for the craniocaudal angle [8]. Although
the caudal portion of the sacrum is less likely to be penetrated during sacral drilling during SIL
repair, the cranial portion of the sacral promontory may be susceptible to penetration. As noted
on the 3D analysis of the sacra in this study, the axial portion of the endplate extends cranial to
the edge of the sacral wing in the sagittal view which does provide higher volume within the
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cranial aspect of the sacra for implant placement. The surgeon should still exercise caution
during sacral drilling as penetration of the sacral endplate may damage the intervertebral
lumbosacral disc cranially.
There was strong correlation found between CT and 3D measurements (r=0.77). After
comparing CT measurements to 3D software measurements, the dorsoventral angles were found
to be larger in the current study. This may be due to the subjective nature of orienting the multiplanar reconstruction sacral image in Osirix Software. A standardized protocol was adhered to
that oriented the sacrum to be aligned prior to CT measurements but as stated previously, the
sacra are variably shaped and sacral alignment is subjective. The effects of measurement values
regarding sacral mispositioning and malalignment are unknown as this was not evaluated in this
study. This may change perspective of previous studies where CT measurements were the only
method performed comparing free-hand drilling to minimally invasive placement for measuring
craniocaudal and dorsoventral angles [7].
Limitations of the study included the variable press fit of the custom 3D drilling guide
due to soft tissue presence. In the authors’ experience, using 3D printed custom drilling and
cutting guides usually affords the opportunity to “press-fit” the guide into an anatomic landmark
present in the bone. In this study, the sacral osseous surfaces were subjectively flat, making a
“press-fit” difficult to achieve. Also, 4 mm of needle protrusion was ensured to engage the
sacral periosteum ensuring alignment. While attempting “press-fit” of a 3D guide to a flat
surface, rotation may alter the drilling trajectory while the 3D guide appears to be adequately
reduced to the bone surface. Flexibility in the 3D guide and drill wobble could have led to
higher degrees of angulation while drilling. Also, lateral positioning of the patient was elected
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which may have created less control of drill angulation and may have led to a higher incidence of
cranioventral end drill trajectory points of the FHDT. This guide was used in 20-25 kg cadavers
and future studies are needed to evaluate the 3D-GDT for sacral drilling outside of the reported
weight range.
As the 3D guide was used in medium sized-large canine cadavers weighing 20-25 kg, the
3D guide may be placed for drilling other scenarios for example, bilateral SIL. For bilateral SIL,
it would be ideal to coordinate the trajectories in a manner that avoids axial, contralateral, screwend contact. These guides could be designed in a manner that directs drilling trajectories to
avoid contact with each other while maintaining the constrains within the sacral corridor.
Another scenario may include creating the guide for use in smaller dogs and feline species. In
these cases, the surgeon can usually only afford 2-3 mm of sacral corridor in each direction after
the screw is placed to surgically fix the SIL as the average room for feline sacral corridor is less
than 0.5 cm2.
In conclusion, 3D-GDT provides higher accuracy of sacral drilling compared with FHDT
in canine cadavers with a low risk of drilling exit. The 3D guide can be designed using opensource and widely available software. A clinical, prospective study evaluating 3D-GDT versus
FHDT is warranted.
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OVERALL CONCLUSION AND SUMMARY
A sacral drilling guide was successfully designed, 3D printed and utilized to drill the
canine sacrum. The canine sacrum is a challenging bone to create a custom drill guide for due to
its unique anatomy and subtle differences amongst breeds used in this study. Placement of
drilling or osteotomy guides to a specific bone usually relies on a “press-fit conformation” which
is not always achievable in the sacrum.
Creating a 3D guide-assisted sacral drilling technique was more accurate compared to
free-hand sacral resulting in higher approximations to targeted drill holes. These differences
were verified between two different methods of evaluation: CT measurement and 3D software
measurement. Creating an optimal sacral drill path is challenging considering surgical trauma,
concurrent fractures, and soft tissue inflammation. Combining these patient characteristics with
patient preparation variables may create a very difficult case. If the patient isn’t positioned
appropriately on the operating room table, or if internal displacement of various structures occurs
while placing pressure on the sacrum bone or pelvis, then drilling trajectories risk damage to
other structures in proximity. Times were not recorded comparing the free hand and 3DGDT,
however, subjectively both drilling techniques were similar not accounting the time required to
design the 3D guides.
The 3D-GDT may be a feasible approach for open reduction and internal fixation for
sacroiliac luxations, however, further prospective clinical studies are required to further validate
this.
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